Two amphipod species, Niphargus ictus and N. frasassianus, which are endemic to Frasassi Caves, Italy, possess morphological features typical of most troglobitic species. Most notably they lack eyes. Although cave waters flow directly into the adjoining Sentino River and N. frasassianus is found within two meters of the resurgence, neither species is present at or further outside the mouth of the cave, which raises the question of how they avoid leaving the cave. It was hypothesized that these animals might be able to detect light, and could use light cues to remain inside the cave. Individuals of both species exhibited greater activity levels in the presence of bright vs. low light levels. Neither species exhibited the dorsal light reflex, but both showed weak negative phototaxis when exposed to bright light directed at them from above and below. N. frasassianus, tested in an apparatus that permitted them to travel freely between bright or low lighted areas, demonstrated negative phototaxis. The results show that both species can detect light, and suggest light cues may be utilized to remain in the caves.
INTRODUCTION
Cave animals tend to evolve a characteristic suite of traits, the most obvious of which are losses of a functional visual system and of pigmentation. This evolutionary convergence is exhibited in numerous species over diverse taxa, including crustaceans, insects, chelicerates, fishes and amphibians. In constant darkness eyes and pigmentation lose their major functions and are liable to loss over evolutionary time either through selection or drift. Visual function has several levels of organization and can be parsed as a fundamental ability to detect light, a more advanced ability to extract information about its directionality, and ultimately the ability to form an image. In adaptation to cave life, these systems can be disrupted at any or all of these levels (see Cooper et al., 2001 for example and for additional references).
Niphargus is ubiquitous in subterranean ground waters in Europe; Väinölä et al. (2008) state that it is the largest freshwater genus of amphipods (at least 305 species). All of them lack eyes (C. Fišer, personal communication). Even without eyes, however, it is possible that the animals retain the ability to sense light and even its directionality. Light responses have been demonstrated in other eyeless crustaceans, e.g., the eyeless crayfish Oronectes australis packardi Rhoades, 1944 (cf. Li and Cooper, 2002) , and Cambarus setosus Faxon, 1889 (cf. Larimer, 1966 , Niphargus aquilex Schiödte, 1855 (cf. Kureck, 1964 , and Niphargus stygius Schiödte, 1849 (cf. Simčič and Brancelj, 2007) . This paper reports on the behavior of two cave dwelling species of Niphargus with respect to light, and tests whether they retain the ability to sense light and its direction. The retention of the ability to detect and avoid light could be advantageous to these animals by allowing them to stay within the cave environment.
Niphargus ictus Karaman 1985 , and Niphargus frasassianus Karaman, Borowsky and Dattagupta, 2010 , are endemic to Frasassi Caves, Genga, Marche, Italy, and live all or most of their lives in constant darkness. They are both primarily epibenthic and only occasionally enter the water column. However, the two are immediately separable into their appropriate species in the field by their swimming behavior: N. ictus swims smoothly, and N. frasassianus swims with deep, jerky movements. In addition, repeated observations in the field revealed that the two species are generally found in different habitats within the caves: N. ictus primarily in the still waters in pools, and N. frasassianus more often along the edges of freely flowing streams within the cave. In fact, individual N. frasassianus can be found within the cave no more than two meters from the mouth of a prominent resurgence on the Sentino River, but are not found outside the cave, even near the mouth of the resurgence.
MATERIALS AND METHODS

Test Animals
Niphargus ictus was collected from Lago Verde, and N. frasassianus was collected from the Sorgente del Tunnel, an ancient man-made tunnel, which delivers cave stream waters to the adjacent surface river Vente Sentino (map in Galdenzi et al., 2008) . Collections for the ''General JOURNAL OF CRUSTACEAN BIOLOGY, 31(4): 613-616, 2011 Response to Light'' experiment were made from 26-29 May 2008, and on 24 September 2009, for the ''Phototaxis'' experiments.
Animals were taken to the laboratory at the Osservatorio Geologico di Coldigiocco immediately after collection and placed in covered, 10 cm diameter glass culture dishes containing ambient cave water. Animals were maintained in low level light conditions (, 0.1 lumens; just enough light to permit arranging animals in test chambers and to observe their movements) at 14uC (the water in the cave was 13uC; the air was 14uC) and allowed to acclimate to laboratory conditions for at least three days before testing. Each of the experiments on N. frasassianus employed a different individual (a total of 70 individuals were tested). Population sizes of N. ictus appeared small at the collection sites. In the interests of conservation they were not tested in the ''Phototaxis'' experiment, and 10 of the 20 animals tested in the ''General Response to Light'' experiments were tested in the ''Dorsal Light Reflex/Vertical Movements'' experiment as well (a total of 20 animals tested altogether). However, at least one day was permitted to elapse between tests of each individual, and they were chosen for testing at random.
During testing, animals were observed either in ''bright light'' (a full spectrum LED lamp [30 lumens, 5500-7000 K]) or in ''low light'' (, 0.1 lumens).
General Response to Light
Each of 20 individuals of each species was placed in a clean 12.5 cm diameter 3 7 cm deep glass dish in fresh ambient cave water. Animals were then allowed to come to rest. Observations were begun (called time ''0'') after one minute at rest. At time ''0,'' the LED lamp was placed 5 cm over the dish, and either turned on (''bright light'' observations) or not (''low light'' observations). The number of seconds to the animals' first movement (as defined by the animals leaving their original locations in the dish) was noted during the subsequent one minute observation period (animals that did not move during the entire observation period were scored as 60 seconds). Each animal was observed both in bright and low light in random order, but allowed to rest in low light between observations.
As shown below, the results of the first experiment demonstrated that the animals were more active in bright than in low light conditions. The next two experiments were devised to determine whether they also used light as a cue for spatial orientation (phototaxis).
Phototaxis
Three possible phototactic responses were examined with regard to bright light: orientation of their bodies (via the dorsal light reflex response), and vertical and horizontal movements. Dorsal Light Reflex and Vertical Movements.-The dorsal light reflex, a classic behavioral measure of phototaxis, is well documented in animals, including crustaceans (Fraenkel and Gunn, 1961) . Animals that exhibit the reflex orient their dorsum towards the light source, regardless of its direction. If these animals were shown to exhibit the reflex, it would reinforce the finding that they can detect light. The following experiment tested the presence of the reflex while observing the animals' vertical movements when light was directed at them from above or below. Laboratory and field observations had shown that under low light conditions, the animals spend most of their time on the sediment, and rarely enter the water column.
Ten animals of each species were tested individually. At the beginning of each test, a single animal was placed in an 8 cm diameter glass cylinder containing ambient cave water to a depth of 6 cm, and allowed to come to rest at the bottom. For each species the animals were divided into two test groups of five animals. After one minute at rest, each animal in the first group was exposed to bright light from the LED lamp held 5 cm above the cylinder. After four minutes, the LED was placed below the cylinder, and observations continued for another four minutes. The five animals of the other group were exposed to the light in reverse order: first from below for four minutes, then from above for four minutes.
The number of times the animal swam past the mid-line (3 cm depth), a generalized measure of activity, as well as its orientation (dorsal or ventral side up) at each pass was noted during the entire observation period. In addition, the orientation of the animals' bodies while swimming was noted immediately after the direction of the light was switched.
Horizontal Movements.-Ten N. frasassianus were placed together in ambient cave water in a 20 cm long cylinder, with a diameter of 7 cm, half of which was covered tightly with aluminum foil to block light. The lighted LED lamp was directed at the uncovered side during the test period. Thus, half the chamber was in bright light and the other half in low light. The open end of the cylinder was sealed with a stopper. The container was agitated gently to make sure the animals were dispersed at random, and then the cylinder was placed on its side. During the test, the animals were permitted to move about freely. The numbers of animals in the covered and uncovered sides were recorded immediately, and then every ten minutes thereafter for 30 minutes. This was repeated four times, with ten fresh animals in each test. Individual interactions were not noted during the experiment. There were not enough N. ictus individuals to repeat the experiment for that species.
RESULTS
General Response to Light
Significantly more animals moved within the one minute observation period in bright light than in low light for both species (N. frasassianus 19 of 20 vs. 11 of 20, bright light vs. low light, respectively: x 2 1 5 8.53, P , 0.01; N. ictus 20 of 20 vs. 12 of 20, respectively: x 2 1 5 10.00, P , 0.01). In addition, animals moved significantly sooner when exposed to the bright light. The mean 6 SE times to initial movement were: N. frasassianus in bright light 10.8 6 3.3 seconds, in low light 46.6 6 3.7 seconds, paired t test, t 18 5 7.07, P , 0.01: N. ictus in bright light 11.7 6 2.8, and in low light 42.8 6 4.4 seconds, paired t 18 5 7.42, P , 0.01. Phototaxis Dorsal Light Reflex.-None of the animals tested in either species reversed their body's orientation when the direction of the light was reversed. Thus these animals do not display the dorsal light reaction. Typically, animals resting on the bottom began their swim by lifting their heads off the bottom, then swimming up directly, dorsal side up. But once off the bottom (, 2 cm or so) they would re-orient with their ventral surfaces facing up and continue swimming that way until they came to rest again regardless of the direction of light.
Vertical Movements.-To determine whether the animals' vertical movements might be influenced by the direction of light cues, the number of times the animals crossed the midline when the light was directed from the bottom was compared to the number of times they crossed the midline when the light was directed from the top. All of the animals swam past the mid-line many times when exposed to the light, but there was no significant difference in the number of times they crossed based on the direction of the light source: N. ictus swam past the midline 11.5 6 2.2 times when the light was directed from below vs. 9.0 6 1.4 times when the light was directed from above (paired t test, t 9 5 1.39, P . 0.05); for N. frasassianus: the means were 7.1 6 1.8 vs. 6.4 6 1.9 crosses, light from the bottom vs. the top, respectively (paired t test, t 9 5 0.35, P . 0.05). Thus, the direction of the animals' swimming in the water column was not significantly influenced by the direction of illumination.
Horizontal Movements.-The average number of N. frasassianus in the brightly lit half of the cylinder decreased steadily and significantly over the thirty minute observation periods as the animals accumulated on the dimly lit side (Spearman rank correlation, one-tailed, r s 5 1, P 5 0.05; Table 1 ).
DISCUSSION
The observations reported here show that both N. ictus and N. frasassianus respond to light by increasing their general activity levels, and that N. frasassianus is negatively phototactic. Neither species, however, exhibited the dorsal light reflex. This could either mean that they do not orient their bodies with regard to light, or that they possess some geotactic mechanism that overrides their bodies' orientation with respect to light. Statocysts are present in the decapods (reviewed in Hama and Takahata, 2005) . Among the peracarids, they have been demonstrated in the mysids (Ariani et al., 1993) and are presumed to be present in at least one amphipod (Platvoet et al., 2006) .
Eyes are not the only light-sensitive structures in crustaceans. Light is perceived in the sixth caudal ganglion in the eyeless O. australis packardi and in a wide variety of eyed marine decapods (summarized in Wilkens and Larimer, 1976) . It is possible that this is the site of photoreception in amphipods as well, but this remains to be tested.
Photoreception may have a useful function for subterranean groundwater species of Niphargus. For example, N. aquilex lives in streams, and moves vertically through the sediment each day. Kureck (1964) suggested that light guides the direction of their diurnal migrations. Trontelj et al. (2008) found that amphipod stygobionts have very limited distributions. This is apparently true for the two species studied here as well. Neither amphipod is found in the river, even though N. frasassianus is common near the resurgence (one of the collecting sites for the animals tested here).
There are at least two advantages to remaining in caves. First, it may permit the animals to avoid predation. There are no fish inside the Frasassi Caves (Bertolani et al., 1994) , but fish are abundant in the Sentino River, which drains the cave streams (Bianco et al., 1990, and Splendiani et al., 2006) . It is well documented that amphipods are the preferred food of many fish species (example in Borowsky and Aitkin, 1991) . Another reason to remain in caves might be to avoid competition with surface amphipods (as suggested by Sket, 2008) . At least one species of Echinogammarus is common in the river (G. Karaman, personal communication) .
Whatever the adaptive advantage of remaining in the caves, the results of the research reported here suggest that light cues may help these amphipods avoid leaving them. This remains to be tested in the field. 
